The matrix metalloproteinase (MMP) family belongs to the metzincin clan of zinc-dependent metallopeptidases. Due to their enormous implications in physiology and disease, MMPs have mainly been studied in vertebrates. They are engaged in extracellular protein processing and degradation, and present extensive paralogy, with 23 forms in humans. One characteristic of MMPs is a ~165-residue catalytic domain (CD), which has been structurally studied for 14 MMPs from human, mouse, rat, pig and the oral-microbiome bacterium Tannerella forsythia. These studies revealed close overall coincidence and characteristic structural features, which distinguish MMPs from other metzincins and give rise to a sequence pattern for their identification. Here, we reviewed the literature available on MMPs outside vertebrates and performed database searches for potential MMP CDs in invertebrates, plants, fungi, viruses, protists, archaea and bacteria. These and previous results revealed that MMPs are widely present in several copies in Eumetazoa and higher plants (Tracheophyta), but have just token presence in eukaryotic algae. A few dozen sequences were found in Ascomycota (within fungi) and in double-stranded DNA viruses infecting invertebrates (within viruses). In contrast, a few hundred sequences were found in archaea and >1000 in bacteria, with several copies for some species. Most of the archaeal and bacterial phyla containing potential MMPs are present in human oral and gut microbiomes. Overall, MMP-like sequences are present across all kingdoms of life, but their asymmetric distribution contradicts the vertical descent model from a eubacterial or archaeal ancestor.
pairwise identities are typically <20%, which is below the twilight zone of relevant sequence similarity (25-35%; [13] ). Overall, metzincins share a globular CD of ~130-270 residues, which is split into a structurally conserved N-terminal sub-domain (NTS) and a diverging C-terminal sub-domain (CTS) by a horizontal active-site cleft. This cleft contains the catalytic zinc ion and accommodates protein or peptide substrates for catalysis ( Figure 1A ). NTSs contain a mostly five-stranded β-sheet, whose strands (βI-βV) parallel the active-site cleft. The lowermost strand βIV shapes the upper rim of the cleft and runs antiparallel to the other strands and to a bound substrate, thus establishing inter-main-chain interactions to fix it. NTSs also possess a "backing helix" (αA) with structural functions and an "active-site helix" (αB) with an extended "zinc-binding motif", H-E-X-X-H-X-X-G/N-X-X-H/D-Φ. This motif includes the general base/acid glutamate required for catalysis and three metal-binding protein residues (in bold), as well as a "family-specific residue" (Φ; [8] [9] [10] ). Some families further comprise an additional "adamalysin helix", which was first identified in the adamalysin/ADAM family [12, 14] . In contrast to this structural conservation, CTSs largely deviate in length and structure but share the "Met-turn" [15] , a loop with a methionine placed just below the catalytic zinc, and a "C-terminal helix" (αC) that terminates the CD. Into this common minimal scaffold, specific molecular elements decorate each metzincin family in the form of loops, ionbinding sites, additional regular secondary structure elements, extra domains, etc. [8] [9] [10] [11] [12] .
To date, structural studies on MMP CDs are restricted to mammals (human, mouse, rat and pig), with the notable exception of bacterial karilysin ( [12] ; see also Section 6). These structures revealed that MMPs are very similar ( Figure 1B ), have much longer NTSs (~127 residues) than CTSs (~37 residues), and include an "S-shaped double loop", which connects the third and fourth strands of the NTS β-sheet ( Figure 1A ). This loop binds essential structural zinc and calcium cations, after which the polypeptide forms a prominent bulge ("bulge-edge segment") that protrudes into the active-site groove and assists in substrate specificity. A further hallmark of MMPs is a second calcium site within the NTS and that the family-specific residue is a serine or threonine [3, 10] . This residue makes a strong hydrogen bond between side chains with the first of two consecutive aspartates at the beginning of helix αC ( Figure 1C ). This aspartate is also engaged in fixing the N-terminus of the mature CD upon proteolytic activation. In turn, the second aspartate participates in a double electrostatic interaction with main-chain atoms of the Met-turn ( Figure 1A ,C). This intricate electrostatic network is structured around the "connecting segment", which links the third zinc-binding histidine with the Met-turn methionine and spans only seven residues; thus, it is the shortest of the metzincins [10] . Further typical of MMPs are two tyrosines, respectively four positions downstream of the Met-turn methionine and featuring the penultimate residue of the CD. Finally, the Met-turn and helix αC are connected by a loop subdivided into the "S1'-wall-forming segment" and the downstream "specificity loop" ( Figure 1A ). Taken together, all these characteristic structural features yield an extended sequence pattern, H- Figure 1D ), which distinguishes the C-terminal segment of MMP CDs from other metzincin families and MPs in general [12] .
In addition to the CD, a further hallmark of MMPs is that latency is maintained through the PD [3] , which together with transcriptional regulation and dedicated protein inhibitors regulates physiological MMP activity [16] . In most MMPs, zymogenicity is exerted by a "cysteine-switch" mechanism centered on a cysteine within a consensus motif at the end of the PD, P-R-C-G-X-P-D [17] , which is found in all human MMPs except MMP-23B. Structurally, the polypeptide chain spanning these residues shields the active-site cleft by adopting a U-shaped conformation mediated by a double salt bridge between the arginine-aspartate pair and by the glycine, whose missing side chain prevents collision with upper-rim strand βIV [3] . In addition, the cysteine Sγ atom coordinates and thus blocks the catalytic zinc (see Fig. 3B in [3] ). MMP activation entails PD removal to free access to the cleft.
Matrix metalloproteinases in invertebrates -
MMPs have been extensively studied in vertebrates, particularly in mammals, due to their widespread implications in human health and disease [6, 16, 18, 19] . However, they are also widely present in invertebrates, where they participate in tissue turnover processes such as dendritic remodeling, regeneration, tracheal growth, axon guidance, histolysis and matrix degradation during hatching. They also participate in cancer processes [20] . Studied organisms belong to the phyla Arthropoda, including insects (dipterans, lepidopterans, hymenopterans and coleopterans) and crustaceans; Echinoderma, including sea urchins and sea cucumbers; Mollusca, including mussels and snails; Nematoda, Annelida and Planaria; invertebrate Chordata, including sea squirt and lancelet; and Cnidaria, including hydra and jellyfish (see Table 1 ). In addition, we found MMP-like sequences in the genomes of organisms as primitive as starlet sea anemone (Nematostella vectensis; UniProt database [www.uniprot.org] access code [UP] A7RJ22), which is also from the phylum Cnidaria, and sea gooseberry (Pleurobrachia pileus; GenBank database [www.ncbi.nlm.nih.gov/genbank] access code [GB] FQ005948) from the phylum Ctenophora, i.e. MMPs are present across the subkingdom Eumetazoa. In contrast, MMPs are apparently absent from the genomes of the sponge Amphimedon queenslandica (phylum Porifera; [21] ) and of Trichoplax adherens (phylum Placozoa; [22] ), which belong to the basalmost clades of metazoans. ; PDB 2XS3; [23] ) in standard orientation [24] as a representative of MMP catalytic domains (see [3] ). Green arrows represent β-strands (labeled βI-βV), brown ribbons stand for α-helices (αA-αC). The two zinc cations found across MMPs are shown as magenta spheres, the calcium cations found in most MMPs but missing in karilysin are depicted in red. Relevant chain segments are shown in distinct colors and labeled (Met-turn in blue, specificity loop in red, S1'-wallforming segment in yellow, S-loop in white, and bulge-edge segment in cyan). The side chains of the zinc-binding histidines, the general base/acid glutamate, the Met-turn methionine, the family-specific serine, and the two tyrosines and aspartates further included in the extended signature characteristic of MMPs are shown as stick models. (B) Superposition of the Cα-traces of the catalytic domains of bacterial karilysin (in yellow) and human MMP-1 (PDB 966C; [25] ), MMP-3 (PDB 1CIZ; [26] ), MMP-7 (PDB 1MMQ; [27] ), MMP-8 (PDB 1JAN; [28] ), MMP-9 (4H3X; [29] ), MMP-10 (PDB 1Q3A; [30] ), MMP-11 (PDB 1HV5; [31] ), MMP-12 (PDB 1Y93; [32] ), MMP-13 (PDB 2D1N; [33] ) and MMP-16 (PDB 1RM8; [34] ), all in cyan. The two consensus zinc and calcium cations are shown as magenta and red spheres, respectively; the consensus N-and Ctermini are indicated by red arrows. Eumetazoans are animals comprised of tissues organized into germ layers, with a gastrula stage during embryogenesis. Primitive animals of this lineage up to the emergence of the clade Bilateria likely had few MMP copies within their genomes, as currently found in several Drosophila species (two copies) and other insects such as red flour beetle, silkworm or malaria mosquito (three copies) [6, 20, [35] [36] [37] [38] . In contrast, higher animals show gene polyplication, which likely arose during early vertebrate evolution and led to the substantial paralogy that is currently found, e.g., in humans (24 genes), mice (23 genes) and zebrafish (26 genes). However, development of this complexity was not linear: while seven genes are found in the sea squirt Ciona intestinalis and nine in the mosquito Aedes aegypti, the sea urchin Strongylocentrotus purpuratus has 26 [6, 20, [39] [40] [41] [42] [43] [44] . Phylum Platyhelminthes Class Rhabditophora Freshwater planarian flatworm (Dugesia japonica) [74] Freshwater planarian flatworm (Schmidtea mediterranea) [74] Taxonomy according to the Catalogue of Life (http://www.catalogueoflife.org/col; [75] ).
The complex evolution of MMPs in Eumetazoa is also reflected by the presence of several ancillary domains in the full-length enzymes (see Section 1 and Fig. 1 in [6] ). It can be speculated that primitive MMPs consisted of standalone CDs or possibly PD+CD tandems, which underwent duplication, gene fusion and exon shuffling to result in multi-domain architectures [6, 39, 76, 77] . However, in some instances evolution progressed in the opposite direction, i.e. multi-domain enzymes underwent truncation to yield proteins of fewer domains, even in mammals. This is the case for matrilysins, which span only a signal peptide, a PD with a cysteine-switch motif and a CD [6, 78, 79] . This minimal architecture is also predominant across invertebrates [6] , although many MMP sequences in insects-e.g. in Drosophila [20] -further comprise a furin recognition sequence, an HD and a GPI anchor. [81] Cocoa (Theobroma cacao): A0A061DVV2*, S1S448* Class Pinopsida Loblolly pine (Pinus taeda): Pta1-MMP (B7TVN4) [100] All sequence codes are from UniProt (UP; www.uniprot.org) or GenBank (GB; www.ncbi.nlm.nih.gov/genbank). Taxonomy according to the Catalogue of Life (http://www.catalogueoflife.org/col; [75] ). Nomenclature of validated plant MMPs according to [101] . * Sequences annotated in UniProt as "matrix metalloproteinases" and manually curated. Searches completed on 10 January, 2017.
Matrix metalloproteinases in plants and algae -
In addition to Eumetazoa, MMPs have been reported from higher plants (phylum Tracheophyta), where they are generally present in lower copy numbers than in animals. Enzymes were described from soybean, mouse-ear cress, cucumber, barrel medic, tobacco, loblolly pine and tomato (see Table 2 ). In addition, sequences were referenced from sugar beet, rice, corn, sugar cane and barley (Table 2) . Moreover, MP activity attributable to an MMP was also described for the jack bean Canavalia ensiformis, though validation is still pending [80] . Finally, current sequence similarity searches identified several hundreds of potential hits in higher plants, Table 2 provides a curated selection of them.
Plant MMPs localize to the plasma membrane or the extracellular space and have been found to be involved in remodeling of the extracellular matrix during plant growth and development processes, such as germination, programmed cell death and senescence, as well as in biotic and abiotic stress responses [86, [101] [102] [103] . Sequence analyses revealed that plant MMPs have a homogenous domain distribution and mostly comprise a signal peptide, a PD with a cysteine-switch motif that occasionally diverges from the consensus (see Section 1 and [102] ), and a CD. Within the latter, some sequences have the general base/acid glutamate mutated to glutamine [102] , a change that in mammalian MMPs leads to ablation or strong reduction of proteolytic activity [104] . Uniquely, plant MMPs encompass a specific consensus sequence, D-L-E-S/T, two residues upstream of the zinc-binding motif [81, 84, 101] . In addition, the loop that connects strand βV with helix αB is up to 10 residues longer in plant MMPs than in mammalian counterparts. In the absence of experimental structures, these two combined features point to a specific structural element of plant MMPs, putatively an extra cation-binding site. Downstream of the CD, plant MMPs only contain ~40-residue C-terminal GPI anchors or transmembrane segments for localization to the plasma membrane [81] .
The unicellular green alga Chlamydomonas reinhardtii encodes two MPs dubbed gametolysins (also known as gamete lytic enzymes, MMP1 and MMP2, and autolysins), which are engaged in cell-wall turnover and have been recurrently associated with the MMP family [101, 102, [105] [106] [107] [108] . Similarly to MMPs, these ~635-residue enzymes comprise a signal peptide and a putative PD with a cysteine-switch-like motif. These enzymes are similar to four enzymes from the multicellular green alga Volvox carteri (VMP1-VMP4), in which the first zinc-binding histidine is replaced with glutamine [109] [110] [111] . Current sequence similarity searches identified new potential paralogues of these MPs in C. reinhardtii and V. carteri, as well as in the green algae Gonium pectorale and Chlorella variabilis. However, in the absence of three-dimensional structures, the primary sequences of these MPs deviate from the extended sequence pattern of MMPs (see Section 1). Consequently, they belong to a separate metzincin family, which was tentatively dubbed gametolysins in the past [10, 12, 108] . This is consistent with their adscription to a family separate from MMPs within the MEROPS peptidase database (M11 vs. M10; see merops.sanger.ac.uk; [112] ). Of note, searches for true MMPs within eukaryotic algae revealed six potential relatives, two in phytoplankton Emiliania huxleyi (UP R1DV14 and R1E2E0/R1EHE7) and one each in G. pectorale (UP A0A150GPR5), Symbiodinium minutum (KEGG Gene symbB.v1.2.029330.t2; see www.genome.jp), Aureococcus anophagefferens (UP F0Y382) and V. carteri (UP D8UD00). This restricted presence of MMPs within algae is consistent with recent genome-wide analyses of the secretomes of nine brown algae belonging to the phyllum Phaeophyceae, which revealed no potential MMP ortholog [113] . Furthermore, no other sequences were presently found in other Protista/Chromista.
4. Matrix metalloproteinases in fungi -Although some MPs were described from fungi [114] [115] [116] , none has yet been confirmed to be an MMP. We thus performed a database search, which revealed several potential sequences in the phylum Ascomycota but not in other phyla (Table 3) . These hypothetical proteins span between 255 and 659 residues, some have their catalytic glutamate replaced with glutamine (see Sections 1 and 3), and most comprise N-terminal extensions with a potential cysteine-switch-like motif. Those lacking this motif possess potential NTSs that are significantly shorter than in standard MMPs, so they may correspond to incomplete sequences or truncated variants. Several sequences also contain large N-and/or C-terminal extensions that could correspond to additional domains. Hit fungal species contain only one sequence each, with the exception of Arthrobotrys oligospora and Dactylellina haptotyla, with five sequences each, and all but two species are fungal pathogens of higher plants, nematodes, insects and animals-including humans-or endophytic fungi. Accordingly, their lifestyle entails very intimate contact with organisms that contain MMPs.
Matrix metalloproteinases in viruses -
In 2000, the functional characterization of an MMP from Xestia cnigrum granulovirus was reported [117] . In the absence of structural information, analysis of its amino acid sequence reveals an MMP CD. The upstream N-terminal segment lacks the canonical cysteine-switch motif, but shows sequence stretch C 42 -G-G-G-N-H-R-R-T-K-R 52 immediately before the predicted mature N-terminus, which includes a cysteine-glycine pair reminiscent of those motifs, as well as a recognition sequence characteristic of furin-activatable MMPs (see [6] and Section 1). This notwithstanding, the full-length protein was active, thus suggesting it was in an at least partially competent state without hypothetical activation [117] . Threading calculations (see the legend to Figure 2A ) with the protein segment downstream of the CD of Xestia MMP indicated that it most likely contained an HD (Figure 2A ), preceded by an intermediate "threonine-rich region". More recently, Cydia pomonella granulovirus was also shown to express a functional MMP, the only other viral family member studied to date [38] . Like the Xestia ortholog, it contained a CD preceded by a potential furinrecognition sequence. However, it lacked any cysteine in the N-terminal fragment, so its function and/or activation mechanism might diverge from Xestia MMP. In contrast to previous hypotheses [38] but in agreement with the prediction for Xestia MMP, threading calculations indicated that a threonine-rich region and an HD are present in the C-terminal part of the protein ( Figure 2B ).
Granuloviruses belong to the genus Betabaculovirus within the family Baculoviridae and all species sequenced to date within this genus contain putative MMP homologs (see Suppl. Table 1 and [38] ). In contrast, MMPs are absent from the other Baculoviridae geni, viz. Alphabaculovirus, Deltabaculovirus and Gammabaculovirus. In addition to Baculoviridae, we also found MMP sequences in the families Iridoviridae, Nudiviridae, Poxviridae (subfamily Entomopoxvirinae) and Ascoviridae (Suppl. Table 1 ) but not in any other viruses or viroids. Collectively, all these virus families are double-stranded DNA viruses with no RNA stage, which infect invertebrates (arthropods, lepidopters, hymenopters, diptera and decapods), i.e. organisms that contain MMPs. The potential viral MMPs vary in length, some contain a signal peptide, a potential cysteine-switch-like motif, a putative furin-cleavage site, a predicted HD and a threonine-rich region as in Xestia and Cydia MMPs, but others do not. Moreover and consistent with the host specificity of the harboring viruses, sequences cluster closely with insect MMPs [38] , which possess a similar domain architecture (see Section 2 and [20] ). In insects, housekeeping MMPs participate in physiological remodeling of the basal lamina, which lines the midgut to prevent systemic infections [126] . In turn, as part of the infective process, ingested viral particles reach the midgut of target insects and breach the basal lamina, a task that might be carried out by viral MMPs [126] . Full-length modeling was automatically carried out with the program MODELLER [120] . The corresponding Cα-traces and the critical disulfide bond linking the terminal β-leaflets (C 280 -C 469 ; red arrow), which is usually found in fourfold β-propeller structures such as MMP hemopexin domains [121] , are depicted. In both cases, the automatically selected template structure was that of the hemopexin domain of human MMP-14 (PDB 3C7X; [122] ). . The two top predictions (in purple and green, respectively) were obtained with the program HHSEARCH (Z-scores 29.6 and 35.9; [123] ). Selected templates were the hemopexin domains of human MMP-2 (PDB 1GEN; [124] ) and MMP-1 (PDB 1SU3; [125] ). In the second automatic homology model, the two cysteines are not linked but close to each other in space.
Matrix metalloproteinases in archaea and bacteria -
The only prokaryotic MMP characterized at the functional and structural level to date is karilysin from Tannerella forsythia. This is a human oral-microbiome bacterium from the phylum Bacteroidetes that is engaged in odontopathogenic infections [23, [127] [128] [129] [130] [131] [132] [133] [134] [135] . Karilysin comprises a CD flanked upstream by a signal peptide for secretion and a 14-residue PD, which does not proceed over a cysteine-switch mechanism but an "aspartate-switch" mechanism, as found in the otherwise unrelated astacin family within the metzincin clan [23, 128, 136, 137] . The CD is followed by two domains of unknown structure and function, collectively spanning 275 residues, which comprise the C-terminal residues K-L-I-K-K. A C-terminal domain similar to karilysin is found in other unrelated peptidases within T. forsythia, Bacteroides sp. and Prevotella sp., which have been collectively termed KLIKK proteases [138] The CD of karilysin was characterized at the structural level (see Figure 1A) , which revealed that it fulfilled all the structural criteria of MMP CDs of mammals [23] (Figure 1B ). These studies also suggested that karilysin is evolutionary closer to forms from mosquitoes that are insect vectors of malaria (Anopheles gambiae), dengue fever, Chikungunya and yellow fever (Aedes aegypti), and West Nile virus and Zika virus infections (Culex quinquefasciatus) than to bacterial counterparts [23] . The lifecycle of these mosquitoes entails feeding on human blood and they are mostly found in poor countries, which have the highest incidence of odontopathogenic bacterial infections [139] .
Further to karilysin in bacteria, a potential MMP ortholog in Bacillus anthracis, MmpZ, was shown to participate in the extracellular degradation of anthrax toxin components and anthrolysin O at the onset of the stationary growth phase of the bacterium [140] . However, detailed inspection of its protein sequence (UP Q81NM7) reveals that it deviates from the extended sequence pattern of MMP CTSs. Therefore, it cannot be assigned unambiguously to MMPs until its three-dimensional structure has been resolved. Moreover, there have been other reports postulating the existence of bacterial MPs, which were hailed as ancestral forms of MMPs [43] . In particular, Bacteroides fragilis toxins alias fragilysins were thought to accomplish this role [39, [141] [142] [143] . However, when the structures of profragilysin-3 and the closely-related metalloproteinase II were reported, it became obvious that fragilysins, which are present in enterotoxigenic B. fragilis strains but not commensal ones, represent a metzincin family on their own, which is closer to adamalysin/ADAMs than MMPs, if at all [12, [144] [145] [146] .
To complete the picture of MMP distribution in prokaryotes, we conducted sequence similarity searches and identified several hundred potential MMP orthologs across archaeal and bacterial genomes, some of them with several copies. A representative selection of manually curated sequences is provided in Suppl. Tables 2 and 3 . Inspection of the archaeal sequences reveals that they cluster to phyla Euryarchaeota and Thaumarchaeota, which populate the human digestive tract together with Crenarchaeota [147] . The healthy gut microbiome is also dominated in humans by the bacterial phyla Firmicutes and Bacteroidetes, with Actinobacteria, Proteobacteria and Verrucomicrobia present in smaller proportions [148] . Upstream in the gastrointestinal tract, six major bacterial phyla populate the oral microbiome: Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Spirochaetes, and Fusobacteria [149] . Bacterial species that potentially contain MMPs also belong to these phyla, as does karilysin, with the notable exception of a few bacterial sequences from the phyla Planctomycetes, an aquatic phylum present in brackish and fresh marine waters, and Cyanobacteria, which also inhabit waters and moist soils (Suppl. Table 3) . Accordingly, the distribution of archaeal and bacterial sequences is patchy and they are almost exclusively found in species of phyla highly represented in human microbiomes.
7. Conclusion -MMPs are arguably the best studied MPs at the molecular, functional, physiological and structural levels, but most reports are restricted to humans and a few other animals. However, a comprehensive review of the literature and current sequence similarity searches revealed that validated and potential MMP CDs are widespread. In general, most proteins possess common ancestors in Eubacteria or Archaea, so their presence within the latter indicates that inheritance follows the Darwinian tree-based pathway or vertical descent model [77, 150] . This is the case for ~60% of human protein domains, which have their origins in these kingdoms and eukaryotic nodes before the metazoan era [77] . However, some proteins originate at nodes that appeared later in evolution [151] , as reported for the large, multi-domain pan-peptidase inhibitors of the α2-macroglobulin (α2M) family [152] . These >1,000-residue proteins are widely distributed across metazoans, but missing in all nonmetazoan eukaryotic lineages. Unexpectedly, homologous proteins were found in several bacterial proteomes [153, 154] , but their distribution was patchy and incompatible with vertical descent from a common ancestral eubacterium. As most of these bacterial species encoding α2Ms exploited higher eukaryotes as hosts, either as pathogenic invaders or commensal colonizers, it was proposed that they were acquired by eukaryotic-toprokaryotic horizontal gene transfer [152] , similarly to previously suggested for some metabolic enzymes [155, 156] .
MMPs are likewise widespread, perhaps across all kingdoms of life, where they are possibly involved in extracellular processing of proteins. However, they only show a homogenous gene distribution that is probably consistent with a vertical descent model within animals of the subkingdom Eumetazoa, as they are absent from more primitive metazoans. Within plants, they have only been found in higher plants. Here, the domain architecture is reminiscent of invertebrate MMPs, which suggests that plant and invertebrate MMPs are more closely related to each other than to vertebrate MMPs. This, in turn, hints that they could be modern representatives of an ancient MMP ancestor, common to the three groups [6, 39] . In fungi, protists, viruses, bacteria and archaea, the presence of MMP sequences is reduced and patchy, which violates the vertical descent model. Generally, distribution is restricted to phyla with a lifecycle entailing intimate, direct or indirect, pathogenic or commensal, interaction with members of the subkingdom Eumetazoa. This suggests that MMPs in those kingdoms, like bacterial α2Ms, are xenologs coopted several times during evolution from eumetazoan hosts by independent horizontal gene transfer events (see e.g. Suppl. Fig. 1 ), which would include uptake of mRNA by competence or abiotic mechanisms [157] , followed by subsequent spreading and polyplication within phyla. 
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